The method for high accuracy surface modeling (HASM), inverse distance weighting (IDW) and ordinary Kriging (OK) are used to fill voids on XCO 2 surfaces of GOSAT and SCIAMACHY. Inner voids and boundary voids are artificially made by cleaning out the downloaded data, where there are no voids, in different latitude belts of the northern hemisphere and the southern hemisphere at random. The cleaned-out data in the artificial voids are selected as the 'true' values for verification. The results demonstrated that HASM always has the highest accuracy compared with the classical methods of IDW and OK, whether voids are inner ones or boundary ones, data sets are from GOSAT or from SCIAMACHY, and the void areas are larger or smaller. HASM is an alternative approach to filling voids on XCO 2 surfaces from the satellites.
Introduction
More than 100 countries have adopted a global surface warming limit of 2 C or below as a guiding principle for mitigation efforts to reduce climate change risks, impacts and damages (Meinshausen et al., 2009 ). The rising atmospheric CO 2 concentration is believed to be the primary cause of global climate change (West and Marland, 2002; Buchwitz et al., 2006) . To keep the increase of global mean temperature on a 2 C level and not to risk extensive negative impacts of climate change, CO 2 -concentration in the Earth's atmosphere should be stabilized at least on a 400e450 ppm level to reach the 2 C with a probability of between 50% and 75% (Moss et al., 2008) . Unfortunately, the average CO 2 -concentration was 385 ppm in 2007 and CO 2 -emissions have still been growing; on 9 May 2013, for the first time since measurement began in 1958, the daily mean concentration of CO 2 in the atmosphere of Mauna Loa, and Hawaii surpassed 400 ppm (Oberheitmann, 2010 (Oberheitmann, , 2013 .
In the last 100 years, the European average temperature increased by 0.95 C and it is projected to further increase 2.0 Ce6.3 C by the year 2100 (Mimikou and Baltas, 2013) . During the period from 1961 to 2010, mean annual temperature (MAT) of China increased by 1.44 C (Yue et al., 2013b) ; from 2010 to 2099, MAT was estimated to be 2 Ce4.62 C warmer (Yue, 2011) . However, the projected results of current climate models are questionable on a regional level (Raisanen, 2007; Makarieva et al., 2014) .
To accurately project climate change, various investigations have been conducted to understand sources and sinks of CO 2 . For instances, it was demonstrated that the yearly average carbon stock change was a net increase of 1.71 Mt C/year in Thailand's total rubber planting area, while the yearly average greenhouse gas emission from cultivation of rubber tree was 0.32 Mt C/year (Petsri et al., 2013) . A study indicated that total carbon emissions in coastal Jiangsu amounted to 822.17 Â 10 4 t in 1985 and increased to 2931.52 Â 10 4 t in 2010, an increasing of 2.57 times from 1985 to 2010 (Chuai et al., 2015) . A finding indicated that the conservation tillage practice had a greater contribution to the atmospheric CO 2 reduction (Chen et al., 2015) . An inputeoutput based methodology was proposed to identify key CO 2 emission sectors and the optimized production structure with respect to emission reduction targets in an economy (Chang, 2015) . Effects of post-earthquake reconstruction on carbon cycle were investigated in Guangyuan, a mountainous city in China, by means of an integrated accounting framework for urban carbon cycle (Hao et al., 2015) . However, insufficient knowledge of CO 2 leads to large uncertainties in future climate predictions because the observation of CO 2 is spatially and temporally limited on the globe (Yoshida et al., 2011) . Satellite measurement is one of the most effective approaches to monitoring the global distributions of greenhouse gases at high spatiotemporal resolution and is expected to improve the accuracy of source and sink estimates of these gases (Rayner and O'Brien, 2001) . Two satellites have first been designed specifically to measure the column-averaged dry air mole fraction of CO 2 (XCO 2 ). They are Japan's Greenhouse Gases Observing Satellite (GOSAT) and NASA's Orbiting Carbon Observatory (OCO). Both missions try to identify cloud-free scenes for their retrievals, since clouds can cause large errors in the retrieved CO 2 concentrations (Baker et al., 2010) . GOSAT was successfully launched in January 2009. Although Orbiting Carbon Observatory 1 (OCO-1) was lost because of its launch failure in February 2009, Orbiting Carbon Observatory 2 (OCO-2) was successfully launched in July 2014, with the instrument that is almost an exact copy of the OCO-1 instrument with minor changes.
GOSAT carried a thermal and near infrared sensor for carbon observation-Fourier transform spectrometer (TANSO-FTS) for collecting information about the concentrations of CO 2 in the uppertroposphere (Chevallier et al., 2009) . Column-averaged CO 2 was retrieved from spectra in the shortwave infrared (SWIR) band. The GOSAT observing strategy is to observe CO 2 column-averaged concentrations under cloud-free conditions, with little disturbance from aerosols. Bias and random error were simulated under assumption that the bias depended on the aerosol optical thickness (AOT) and surface albedo. The number of successfully retrieved GOSAT data was corrected under assuming a global mean clear-sky probability of 11% (Kadygrov et al., 2009) .
Clouds and aerosols are major sources of disturbance in greenhouse gases observations from space because they strongly modify the equivalent optical path length (Mao and Kawa, 2004) . 3.2% of measurement scenes are suitable for retrieval analysis for July 2009 and 2.7% for January 2010. The monthly mean fraction of the measurement scenes suitable for retrieval analysis is about 3% (Yoshida et al., 2011) . In other words, no valid observations were available for GOSAT retrieval analysis on 97% of the earth surface.
The scanning imaging absorption spectrometer for atmospheric chartography (SCIAMACHY) spectrometer on board of the European Space Agency ENVISAT-1 was successfully launched in March 2002. SCIAMACHY first showed the global distribution of the CO 2 column abundance from space, although it was not specialized for CO 2 observations. SCIAMACHY is a passive hyper-spectral spectrometer designed to investigate tropospheric and stratospheric composition and processes (Bovensmann et al., 1999) . The near-infrared nadir spectra of reflected solar radiation measured by SCIAMACHY contain information on the vertical columns of these gases, which we retrieve using the scientific algorithm, weighting function modified differential optical absorption spectroscopy (WFM-DOAS) approach. The horizontal resolution of the nadir measurements depends on orbital position and spectral interval but is typically 60 km for CO 2 .
Calculations for a few typical aerosol classes, such as mineral dust, soot, sea salt, and sulfate aerosol, and a broad range of atmospheric conditions show that the impact of aerosols on SCIA-MACHY retrieved CO 2 reaches significant levels. The largest errors are found over the deserts, owing to the high surface albedo in combination with relatively large aerosol loads. For instance, 33% of the data have to be ignored over deserts and the remaining data are used to obtain improved flux estimates. In other words, the voids for SCIAMACHY account for 33% of the total data set under cloud free conditions over deserts. The aerosol induced errors in the measured CO 2 total column are too large to allow meaningful source and sink estimates (Houweling et al., 2005) .
Any areas of missing data that exist in a CO 2 surface are defined as voids. Void filling is the process of filling all no-data areas using the best-performing algorithm available (Reuter et al., 2007) . In this paper, the method for high accuracy surface modeling (HASM), inverse distance weighting (IDW) and Ordinary Kriging are comparatively used to fill voids on XCO 2 surfaces of GOSAT and SCIAMACHY in order to identify the best-performing method.
Methods

HASM
In terms of the fundamental theorem of surfaces, a surface is uniquely defined by the first fundamental coefficients and the second fundamental coefficients (Henderson, 1998) . The first fundamental coefficients are used to express the intrinsic geometric properties that do not depend on the shape of the surface, but only on measurements that we can carry out while on the surface itself (Toponogov, 2006) . The second fundamental coefficients reflect the local warping of the surface, namely its deviation from a tangent plane at the point under consideration, and observed from outside the surface (Liseikin, 2004) .
If the surface can be expressed as z ¼ (x,y,f(x,y)), then the first fundamental coefficients can be formulated as.
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The second fundamental coefficients be formulated as.
The first fundamental coefficients and the second fundamental coefficients must satisfy the following Gauss equation set.
where
Þ are the second kind of the Christoffel symbols.
If {(x i ,y j )} is an orthogonal division of a computational domain and h represents simulation step length, the central point of lattice(x i ,y j ) could be expressed as (0.5h (Quarteroni et al., 2000) , the iterative formulation of the HASM master equation set can be expressed as (Yue et al., 2013b; Zhao and Yue, 2014 for 1 i I, 1 j J.
There is only one non-zero element, 1, in every row of the coefficient matrix, S, making it a sparse matrix. The solution procedure of HASM, taking the sampled points as its constraints, can be transformed into solving the following linear equation set in terms of least squares principle. 
The parameter l is the weight of the sampling points and determines the contribution of the sampling points to the simulated surface. l could be a real number, which means all sampling points have the same weight, or a sector, which means every sampling point has its own weight. An area affected by a sampling point in a complex region is smaller than in a flat region. Therefore, a smaller value of l is selected in a complex region and a bigger value of l is selected in a flat region. 
In terms of Gauss-Codazii equation set, iteration stopping criterion of HASM is formulated as.
EI is the iteration stopping criterion of HASM determined by an application requirement for accuracy.
HASM has been successfully applied to simulating climate change (Yue et al., 2013a (Yue et al., , 2013b , constructing DEM (Yue et al., 2007 (Yue et al., , 2010a (Yue et al., , 2010b Yue and Wang, 2010) and interpolating soil properties (Yue, 2011; Shi et al., 2009 Shi et al., , 2011 .
Verification
The voids on XCO 2 surfaces of GOSAT and SCIAMACHY can be classified into two types: 1) inner voids that are embraced by grids with available data, and boundary voids that are surrounded by both grids with available data and grids without data. We design a verification procedure for these two types of voids (Fig. 1) as follows: 1) data sets of monthly mean XCO 2 from GOSAT on 2.5 latitudeelongitude grid and from SCIAMACHY on 0.5 latitudeelongitude grid were downloaded respectively from the websites of http://www.gosat.nies.go.jp and http://www.iup. uni-bremen.de/sciamachy; 2) SCIAMACHY data are up-scaled into a dataset at a spatial resolution of 2.5 Â 2.5 using a bilinear re-sampling approach for its comparability with the GOSAT dataset; 3) according to the data availability, we selected the dataset of monthly mean XCO 2 from SCIAMACHY during the period from January to December of 2009 and the one from GOSAT during the period from July of 2009 to June of 2010 so that the two 
datasets have an overlap for 6 months to compare the performances of GOSAT data and SCIAMACHY data; 4) nine inner voids in size of 2.5 Â 2.5 are artificially made by cleaning out the downloaded data on land, where there are no voids, in the high and middle latitude belts of the northern hemisphere (30 e70 N), the lower latitude belts of the northern hemisphere (0 e30 N) and the southern hemisphere (0 e30 S) at random respectively; the cleaned-out data in the nine artificially made voids are selected as the 'true' values for verification; 5) six boundary voids on land in different sizes, of which the maximum size is 22.5 Â 5 and the minimum size is 7.5 Â 5 , are artificially made by cleaning out the downloaded data in the three latitude belts and the cleaned-out data are selected as the 'true' values for verification; 6) the voids on land are filled, taking available XCO 2 data over oceans as auxiliary data, by respectively using IDW, OK and HASM; errors of void filling results are comparatively analyzed in terms of mean absolute error (MAE) and mean relative error (MRE).
MAE and MRE are respectively formulated as.
whereo i represents the original value at time t on grid i; s i the simulated value on grid i. For the inner voids of GOSAT data set (Tables 1 and 2 For the boundary voids of GOSAT data set (Tables 1 and 2) , MAEs of IDW, OK and HASM are 0.524 ppmv, 0.482 ppmv and 0.389 ppmv For inner voids on SCIAMACHY surfaces of XCO 2 (Tables 3 and 4) , MAEs of IDW, OK and HASM are respectively 1.552 ppmv, 1.618 ppmv and 1.466 ppmv on the average; their MREs are respectively 0.4%, 0.417% and 0.378%. Their maximum MAEs are respectively 1.858 ppmv, 1.928 ppmv and 1.775 ppmv, all appearing in February. The minimum MAEs of IDW and HASM are respectively 1.152 ppmv and 1.135 ppmv, both happening in January; the one of OK is 1.232 ppmv in September.
According to the tests of filling boundary voids on SCIAMACHY surfaces of XCO 2 (Tables 3 and 4 The verification results indicated that HASM always has the highest accuracy compared with the classical methods of IDW and OK, whether voids are inner ones or boundary ones, data sets are from GOSAT or from SCIAMACHY, and the void areas are larger or smaller. For all the methods of IDW, OK and HASM, the void filling errors on XCO 2 surfaces of SCIAMACHY are much bigger than the ones on the surfaces of GOSAT, especially for the boundary voids, which may be mainly caused by the greater spatial variability of SCIAMACHY surfaces. In terms of HASM, the average MAE and MRE of GOSAT are 0.269 ppmv and 0.07% respectively under consideration of both inner voids and boundary voids, while the ones of SCIAMACHY are 2.567 ppmv and 0.663% in the 12 months.
Results
According to the original data, taking the surfaces in August of 2009 as an example (Figs. 2 and 3a) , spatial distribution of voids on land surfaces of XCO 2 from GOSAT are different comparing with the ones from SCIAMACHY. After GOSAT data, the voids mainly distribute in east-middle Africa, northwestern South America, southern South America, eastern North America, northwestern North America, southern Asia and eastern Asia, but after SCIA-MACHY, voids mainly scattered over northwestern South America, southern South America, north North America, western Tibet plateau, eastern Africa, northern Europe and Northern Asia.
The surfaces of XCO 2 , in which voids have been completely filled, show that spatial variability of SCIAMACHY surface is much higher than GOSAT surface (Figs. 2b and 3b) . Standard deviation of GOSAT surfaces was 2.094 ppmv while the one of SCIAMACHY was 4.825 ppmv during the period from July to December in 2009 (Tables 5 and 6 ). The results from subtracting GOSAT surface from SCIAMACHY surface of XCO 2 indicates that almost all grids on SCIAMACHY surfaces have bigger values of XCO 2 than the ones on GOSAT surfaces (Tables 5 and 6 ), except for a few grids on the boundaries of land (Fig. 4) . The maximum difference is 28.255 ppmv. The grids, on which the difference is greater than 15 ppmv, distribute in middle Africa, India, western Tibet plateau, northern Russia and northern Alaska.
In terms of the GOSAT surface (Fig. 2b) , XCO 2 on grids in southern hemisphere is generally much bigger than the ones on grids in northern hemisphere. The reason might be that southern hemisphere is in the season of winter and northern hemisphere in summer. However, this phenomenon could not be found from the SCIAMACHY surface. The difference of XCO 2 between SCIAMACHY and GOSAT is 11.463 ppmv on an average in Eurasian continent, 11.274 ppmv in African continent, 9.106 ppmv in the North American continent, 7.281 ppmv in mainland South America, and 6.861 ppmv in Oceania mainland (Table 7) . 
Conclusions and discussion
The carbon satellites are providing valuable data to improve global models of the carbon cycle and to make more accurate predictions of global climate change. Measurements by the carbon satellites allow scientists to monitor the geographic distribution of CO 2 sources and to map the natural and human emissions. It becomes possible to simulate interaction mechanisms between cleaner production, the carbon cycle and climate change.
A simulation system for XCO 2 surfaces is being developed on the basis of HASM (simply termed as HASM system), which takes satellite remote sensing data as its driving field and ground observation data as its optimum control constraints. The XCO 2 surfaces from satellite remote sensing are difficult to be directly used as the driving fields because of a large number of voids caused by clouds, aerosols and the high surface albedo. It is necessary to conduct void filling for constructing the HASM system.
The verification results showed that HASM always has the highest accuracy compared with the classical methods of IDW and OK, whether voids are inner ones or boundary ones, data sets are from GOSAT or from SCIAMACHY, and the void areas are larger or smaller.
In terms of HASM, the MAEs on monthly XCO 2 surfaces of GOSAT are less than 0.6 ppmv for both inner voids and boundary voids. Although the void filling errors on the XCO 2 surfaces from SCIA-MACHY are much bigger than the ones on the surfaces from GOSAT, the MREs on the SCIAMACHY surfaces are less than 0.9% on the average. HASM is an alternative approach to void filling for GOSAT, SCIAMACHY, Orbiting Carbon Observatory À2 (OCO-2) as well as TanSat, to be launched in 2015.
It is essential to validate the XCO 2 surfaces for understanding qualities of data sets from different satellites. The Total Carbon Column Observing Network (TCCON) has provided an essential validation resource for assessing the accuracy of XCO 2 surfaces from the satellites. However, the TCCON needs to be improved because the ground-based Fourier Transform Spectrometers are too sparsely scattered over the Earth's surface to give sufficiently believable conclusion, especially when TCCON would be also worked as the optimum control constraints for the simulation system for XCO 2 surfaces. 
